Introduction
============

Breast cancer is the most common cancer in women in western countries (following skin neoplasms). Advances in gene profiling and molecular methods have brought about a shift from traditional morphology-based diagnostics to more precise molecular classification of breast cancers. Specific gene profiling and protein expressions are reflected in a distinct disease behaviour, prognosis and treatment response for each subgroup of breast cancers. HER2-positive breast cancer is one of these subgroups and is characterized by overexpression of HER2 protein and/or amplification of HER2/neu gene. The HER2/neu gene (also known as ErbB-2) is a proto-oncogene and encodes the trans-membrane receptor protein HER2. HER2 is a member of the human epidermal growth factor receptor family and is overexpressed/amplified in ∼15--25% of breast cancers ([@b1-ijo-41-04-1204],[@b2-ijo-41-04-1204]). To reflect the high importance of HER2 receptor signalling pathway for HER2-positive breast cancers, molecular taxonomy refers to HER2-positive breast cancers as a separate entity. HER2 receptor activation, either by homodimerization when there is an abundance of HER2 receptors or heterodimerization after stimulation of certain dimerization partner receptors with a pertinent ligand, leads to subsequent activation of PI3K/Akt and Ras/ERK/MAPK signalling pathways responsible for the naturally high proliferation and aggressiveness of these tumours. Without targeted anti-HER2 therapy, currently available in the form of monoclonal antibodies and tyrosin kinase inhibitors, HER2-positive breast cancer would continue to have one of the poorest prognosis among breast cancers.

Despite the efficacy of targeted therapy, about half of HER2-positive breast cancer patients have primary resistance to trastuzumab or acquire resistance in the course of trastuzumab therapy. Disease progression at the first radiological assessment, or primary resistance, was observed in 50% of patient with metastatic disease treated with single-agent trastuzumab ([@b3-ijo-41-04-1204]--[@b5-ijo-41-04-1204]). Similar results were obtained for combined treatment with trastuzumab and chemotherapy in metastatic disease (50% overall response rate/ORR/) or in adjuvant settings (disease-free survival/DFS/odds ratio/OR/ = 0.69 and locoregional recurrence OR = 0.53) ([@b6-ijo-41-04-1204],[@b7-ijo-41-04-1204]).

Potential mechanisms of resistance to trastuzumab include factors related to HER2 interactions with other members of the HER family or trastuzumab, including the loss of, or increased, HER2 expression; increased HER1 or HER3 expression; increased TGF-α expres sion (a ligand for EGFR/HER1); steric hindrance of HER2-antibody interaction by membrane-associated glycoproteins; and inhibition of trastuzumab binding by HER2 ECD (extracellular domain) fragments cleaved from the HER2 receptor. Incomplete HER family blockade might be an important resistance mechanism, since it could allow another HER receptor to compensate when one receptor is blocked ([@b8-ijo-41-04-1204]). Resistance to trastuzumab might also arise through alternative signalling pathways or through constitutive activation of the PI3K/Akt signalling pathway, which is activated by HER2 signalling (and therefore suppressed by HER2 inhibitors such as trastuzumab). Constitutive activation might occur, for example, due to mutations in the PIK3CA gene and/or loss of PTEN. Similar to HER2, the IGF-1R, which can form heterodimers or heterotrimers with HER2, activates the PI3K/Akt pathway and this mechanism is thought to be an important source of trastuzumab resistance. Conversely, PTEN suppresses the activation of the PI3K/Akt pathway and loss of PTEN activity results in increased Akt activity and resistance to trastuzumab ([@b8-ijo-41-04-1204]). Hence, PI3K/Akt pathway and Akt kinase seem to play a crucial role in oncogenic potential of HER2 and the development of resistance to anti-HER2 targeted therapy ([@b8-ijo-41-04-1204]--[@b10-ijo-41-04-1204]).

Activation (phosphorylation) of Akt is a multistep process ([@b11-ijo-41-04-1204]). The signalling cascade is initiated at cell membrane when a ligand binds to a receptor (such as growth factor receptors, integrins, etc.) and triggers conformational change of the receptor. Consequently, this attracts PI3K (phosphatidylinositol 3-kinases) to the plasma membrane and activates it. Phosphorylated PI3K generates the second messenger PIP3 that recruits Akt to the inner cell membrane, enabling phosphorylation of the Akt by its activating kinases, at the threonine 308 residue (by PDK1) and at the serine 473 residue \[by rictor-mTOR complex in response to growth factor stimulation ([@b12-ijo-41-04-1204]) or by DNA-PK in response to DNA damage ([@b13-ijo-41-04-1204])\]. Once Akt is activated, it dissociates from the plasma membrane and proceeds to phosphorylate both cytoplasmic and nuclear downstream effectors.

Akt family consists of three serine/threonine kinases (Akt1, Akt2 and Akt3), with slightly different preferences in their downstream effectors and varied presence in different types of tissue. HER2-positive breast cancer cell lines and primary tumours were found to have high expressions of Akt1, Akt2 and their activated forms ([@b14-ijo-41-04-1204]--[@b18-ijo-41-04-1204]). Various Akt isoforms were also found to have different biological functions in breast cancer. Akt1 accelerates tumourigenesis through increased cell proliferation and is thus predominantly involved in the control of cell malignant transformation, whereas, simultaneously, Akt1 suppresses tumour invasion ([@b19-ijo-41-04-1204]). Akt2 overexpression enhances invasive potential of breast cancer cells and their ability to metastasize, Akt2 expression and activity suppress anoikis and apoptosis caused by deprivation of nutrients ([@b19-ijo-41-04-1204],[@b20-ijo-41-04-1204]). The role of Akt3 in breast cancer tumourigenesis is less clear. A number of studies examined the role of Akt, especially the Akt1 and Akt2, in breast cancer and its prognostic and predictive value ([@b16-ijo-41-04-1204]--[@b18-ijo-41-04-1204],[@b21-ijo-41-04-1204]--[@b28-ijo-41-04-1204]). However, no study so far have evaluated the correlation between total Akt expression, subcellular localization of the activated phosphorylated Akt (pAkt) and the results of anti-HER2 targeted anticancer therapy that, through HER2 receptor, significantly affects this signalling pathway. Therefore, we sought to explore the relationship between activation and compartmentalization of Akt1 and Akt2 and the outcome of targeted therapy in a sample of patients with metastatic HER2-positive breast cancer treated with trastuzumab.

Materials and methods
=====================

We enrolled 74 breast cancer patients treated between 2001 and 2009 at the Masaryk Memorial Cancer Institute (Brno, Czech Republic) for metastatic disease. The eligibility criteria included: confirmed HER2 positivity, availability of formalin-fixed and paraffin-embedded (FFPE) tissue samples of primary tumours for immunohistochemistry evaluation, history of trastuzumab based therapy for metastatic breast cancer and availability of medical records for review. Informed consent was obtained from each participating subject. Clinical data were reviewed retrospectively from medical records. Immunohistochemistry (IHC) evaluation was performed on tissue microarrays (TMAs). TMAs were constructed from FFPE tissue sections using a technique developed at our institution. The expression of HER2 protein was determined by Dako Herceptest (Dako, Sweden) and scored on a qualitative scale from 0 to 3+ according to Dako manual and American Society of Clinical Oncology/College of American Pathologists guideline recommendations for human epidermal growth factor receptor 2 testing in breast cancer. HER2 gene status was evaluated by FISH method using Abbott PathVysion HER2 kit (Abbott Laboratories, USA). HER2 gene status was considered as positive (FISH amplified) in case where a HER2 gene/centromer of chromosome 17 ratio was higher than 2.2 or if the number of HER2 gene copies was higher than 6 per nucleus as measured by FISH. All tumours were IHC 3+ and/or FISH-positive. The estrogen receptor (ER) and progesterone receptor (PgR) status was examined by IHC, using antibodies provided by Lab Vision (SP1 resp. SP2 monoclonal rabbit antibody, Lab Vision Thermo Fisher Scientific, Fremont, CA, USA). ER and PgR status was considered positive if \>1% of cells were stained in cell nuclei, and was considered negative in all other cases. Similarly, Akt expression was assessed using IHC. Murine monoclonal antibody was used for Akt1 IHC and rabbit monoclonal antibody was used for Akt2 expression detection, both purchased from Cell Signalling Technology (Beverly, MA, USA) and applied according to the manual provided by the manufacturer. The tumours with \<5% of cells stained for protein were considered Akt1/Akt2-negative. If ≥5% cells were stained with the respective antibodies, the tumours were considered Akt1 or Akt2-positive. The total Akt1 or Akt2 expression was considered to be strong if \>80% of cells were stained positive for the respective antibody. Rabbit monoclonal antibodies, both from Cell Signalling Technology, were used to detect phosphorylated (activated) Akt (pAkt) at Thr308 and phosphorylated Akt at Ser473. The expression was considered positive if ≥5% tumour cells were stained with the antibody. Cytoplasmic (c) and nuclear (n) fractions were assessed separately for pAkt expression and tumours were divided into three groups: group 1, pAkt expression negative; group 2, cytoplasmic-only pAkt expression (pAkt-c); group 3, nuclear and cytoplasmic pAkt expression (pAkt-n+c). The immunohistochemistry assessment was performed by pathologists with an extensive experience in evaluating tissue arrays and blinded to patient characteristic and treatment outcomes.

Statistical analysis
--------------------

Data are summarized using standard descriptive statistics and frequency tabulations. Correlations between expressions of various biomarkers (Akt1, Akt2, pAkt Thr308, pAkt Ser473, ER, PgR) were analyzed using Spearman's rank correlation test. χ^2^ tests were used to determine correlation between Akt expression or activation status and other clinical or pathological characteristics. Response to therapy was evaluated with RECIST criteria version 1.1. Time to progression (TTP) was defined as the time from trastuzumab-based treatment initiation to the first documented objective disease progression. Overall survival was defined as the time from trastuzumab-based therapy initiation to death from any cause (OSt), or time from diagnosis of a metastatic breast cancer to death from any cause (OSm). Survival data were plotted using the Kaplan-Meier method. The log-rank test was used to analyze differences in TTP and OS. Univariate and multivariate analyses of predictive factors were performed using Cox's proportional hazard regression. All tests were two-sided and the significance level was set at α = 0.05. Statistical analysis was performed with the support of MedCalc 9.1 software.

Results
=======

Patient and tumour characteristics
----------------------------------

We analyzed data from 74 patients. Patient and tumour characteristics are summarized in [Table I](#t1-ijo-41-04-1204){ref-type="table"}. All patients were female. Sixty-five patients were diagnosed with early breast cancer and progressed to metastatic cancer, 9 patients were diagnosed with metastatic breast cancer. All patients were treated with trastuzumab-based therapy only for metastatic breast cancer. The use of trastuzumab corresponded to the knowledge then available. Three patients were treated with trastuzumab monotherapy, all other patients (96%) were treated with a combination of chemotherapy and trastuzumab. Most frequently, trastuzumab was combined with taxanes (57 patients, 77%) and was administered as the first line therapy for metastatic breast cancer (44 patients, 59.5%). Initial trastuzumab therapy led to complete remission in 9 patients (12.2%) and partial remissions in 33 patients (44.6%). Overall response rate was 56.8%. Stable disease as the best response was achieved in 19 patients (25.6%) and no response to therapy with disease progression was seen in 8 patients (10.8%). Clinical benefit (CR or PR or SD for at least 6 months) was achieved in 55 patients (74.3%). Response could not be clearly identified in 5 patients, in whom the disease metastasized predominantly to the skeleton. Median follow-up time was 41 months. Disease progression was documented in 64 (86.5%) patients. Median TTP for the entire group was 9.2 months (range from 1.3 to 56.2 months), median OSt was 20.1 months (range 1.3 to 68.3 months) and OSm was 29.8 months (range from 1.75 to 83 months).

The majority of tumours were invasive ductal carcinomas (59 patients, 79.7%) and scored as grade 3 (59.5%), 32 patients had an ER-positive tumour (43.2%), 20 patients had a PgR-positive tumour (27.0%) and 35 had an ER and/or PgR-positive tumour (47.3%).

Akt expression and compartmentalization in breast cancer
--------------------------------------------------------

Seventy-four primary tumour samples were analyzed for Akt1, Akt2, pAkt Thr308 and pAkt Ser408 expression and scored as described above. Seventeen tumours (23.0%) were negative on Akt1 staining, 46 (62.1%) were Akt1 weak positive and 9 (12.2%) were strong positive, results for two tumours were not interpretable. There were no Akt2-negative tumours, 45 (60.8%) samples were weak positive ([Fig. 1A](#f1-ijo-41-04-1204){ref-type="fig"}) and 26 (35.1%) were strong positive on Akt2 staining ([Fig. 1B](#f1-ijo-41-04-1204){ref-type="fig"}), results for three tumours were not interpretable. For phosphorylated Akt, cytoplasmic and nuclear fractions were assessed separately. Ten tumours (13.5%) were negative on any pAkt Thr308 staining, 22 tumours (29.7%) were positive on cytoplasmic staining only ([Fig. 1C](#f1-ijo-41-04-1204){ref-type="fig"}) and 38 (51.4%) were positive on both nuclear and cytoplasmic (n+c) staining ([Fig. 1D](#f1-ijo-41-04-1204){ref-type="fig"}), 4 cases (5.4%) could not be assessed. For pAkt Ser473 staining, 5 cases were negative, 16 cases (21.6%) were positive on cytoplasmic staining only and 49 (66.2%) were positive on both nuclear and cytoplasmic staining, 4 cases (5.4%) could not be interpreted. Akt expression results are summarized in [Table II](#t2-ijo-41-04-1204){ref-type="table"}.

We found no correlation between expression of Akt1, Akt2 or activated forms of Akt and expression of estrogen or progesterone receptors or tumour grading.

Correlation of Akt expression and compartmentalization with time to progression
-------------------------------------------------------------------------------

For patients with metastatic breast cancer treated with trastuzumab, we tested the predictive value of expression of distinct forms of Akt. There was no association between total Akt1 expression and TTP. We observed an unexpected trend towards improved TTP in patients with tumours with strong Akt2 expression (13.1 vs. 7.2 months) but the difference was not statistically significant (P=0.133; HR 0.682; 95% CI 0.42--1.12). We evaluated cytoplasmic and nuclear localization of pAkt separately. Even though we did not observe any statistically significant difference in TTP with respect to different pAkt Thr308 or pAkt Ser473 localization, there was, once again, an unexpected trend to longer TTP in patients with activated Akt in both the cytoplasm and nucleus (pAkt-n+c) compared to tumours with pAkt detected in the cytoplasm only (pAkt-c): pAkt Thr308-n+c vs. pAkt Thr308-c, 10.2 vs. 8.3 months; pAkt Ser473-n+c vs. pAkt Ser473-c, 9.4 vs. 8.1 months, none of these results were, however, statistically significant.

There was an interesting trend to a longer time to progression in patients whose tumours had strong expression of total Akt2 or activated Akt (pAkt) detectable in both the cytoplasm and nucleus. Consequently, we explored interrelationships between these factors and found that patients with strong Akt2 expression and activated Akt (pAkt) detectable in both the cytoplasm and nucleus had statistically significantly longer time to progression than other patients (any = any total Akt2 expression and simultaneously pAkt limited to cytoplasm only). The results were as follows: a) tumours with strong total Akt2 expression and simultaneous pAkt Thr308 n+c vs. all other tumours: TTP 17.0 vs. 7.6 months, P=0.024, HR 0.52, 95% CI 0.31--0.87; [Fig. 2](#f2-ijo-41-04-1204){ref-type="fig"}; b) tumours with strong total Akt2 expression and simultaneous pAkt Ser473 n+c vs. all other tumours: TTP 13.1 vs. 7.2 months, P=0.085, HR 0.62, 95% CI 0.37--1.03; c) tumours with strong total Akt2 expression and simultaneous pAkt Ser473 n+c and Thr308 n+c vs. all other tumours: 16.8 vs. 7.6 months, P=0.029, HR 0.52, 95% CI 0.30--0.88; [Fig. 3](#f3-ijo-41-04-1204){ref-type="fig"}.

We did not identify any correlation between survival (TTP or OSt) and Akt1 expression and its combination with various pAkt localizations.

Correlation of Akt expression and compartmentalization with response to therapy
-------------------------------------------------------------------------------

We found no statistically significant correlations between expression of Akt isoforms or Akt compartmentalization and trastuzumab therapy overall response rate or clinical benefit rate. Patients with concurrent strong total Akt2 expression and pAkt presence in both the cytoplasm and nucleus were more likely to achieve clinical benefit than other patients. Of 16 patients with strong total Akt2 expression and pAkt Thr308-n+c, 15 (94%) achieved clinical benefit (P=0.077, [Fig. 4](#f4-ijo-41-04-1204){ref-type="fig"}). Similarly, 15 out of 17 (88%) patients with strong total Akt2 expression and pAkt Ser473-n+c achieved clinical benefit. Even though these results were not statistically significant, there was a clear trend towards clinical benefit in this patient group. These observations, once again, were not reproduced for the Akt1 expression and its combination with pAkt localization.

Correlation of Akt expression with overall survival
---------------------------------------------------

For OSt (time from the initiation of trastuzumab therapy for metastatic breast cancer to death from any cause), strong expression of total Akt2 was associated with prolonged survival (40.0 vs. 17.9 months, P=0.03, HR 0.55, 95% CI 0.32--0.93). On the other hand, expression of Akt1, pAkt Thr308 or pAkt Ser473 alone was not associated with better OSt. OSt was longer in patients whose tumours had strong total Akt2 expression and concurrent cytoplasmic and nuclear pAkt activity (strong Akt2 and pAkt Thr308-n+c vs. all others: 51.8 vs. 16.8 months, P=0.0009, HR 0.34, 95% CI 0.19--0.59; strong Akt2 and pAkt Ser473-n+c: 50.8 vs. 17.0 months, P=0.009, HR 0.45, 95% CI 0.26--0.78; [Fig. 5](#f5-ijo-41-04-1204){ref-type="fig"}).

Similar results were obtained for OSm (time from diagnosis of metastatic breast cancer to death). Strong expression of total Akt2 was associated with prolonged OSm (58.0 vs. 26.4 months, P=0.040, HR 0.57, 95% CI 0.33--0.97). When other markers were analyzed separately, i.e., Akt1, pAkt Thr308 or pAkt Ser473, no correlation was found between these markers and OSm. Analysis of a combination of total Akt expression and compartmentalization of pAkt provide similar results. Strong expression of total Akt2 together with cytoplasmic and nuclear activity of pAkt was associated with longer median OSm. OSm for tumours with strong expression of total Akt2 and pAkt Thr308-n+c vs. all other tumours was 59.2 vs. 24.1 months, P=0.006, HR 0.39, 95% CI 0.22--0.69; and it was 59.2 vs. 24.5 months, P=0.008, HR 0.45, 95% CI 0.26--0.79 for strong expression of total Akt2 and pAkt Ser473-n+c.

Correlation of Akt expression with disease-free interval
--------------------------------------------------------

We analyzed the correlation between Akt status and time to disease recurrence in patients who were first diagnosed with early breast cancer and then progressed. We found no association between Akt status (expression of Akt1 and Akt2, and expression and compartmentalization of pAkt Thr308 and pAkt Ser473) and disease free survival, including the analyses of combinations of markers. Neither were there any correlations between Akt expression pattern and the clinical stage of the primary breast cancer at the time of breast cancer diagnosis.

Univariate and multivariate analyses of TTP, OSt and OSm
--------------------------------------------------------

The results of univariate Cox regression analyses for TTP, OSt and OSm are summarized in [Table III](#t3-ijo-41-04-1204){ref-type="table"}. These results provided the basis for multivariate Cox regression analyses that confirmed independence of some of these parameters in predicting TTP, OSt and OSm ([Table III](#t3-ijo-41-04-1204){ref-type="table"}). Strong total expression of Akt2 and concurrent presence of activated pAkt Thr308 in the cytoplasm and nucleus (strong Akt2 and pAkt Thr308-n+c) was an independent positive predictive factor in multivariate analyses for TTP as well as OSt. We consider this as very important, as both these intervals (TTP and OSt) are directly associated with targeted anti-HER2 therapy with trastuzumab. Multivariate analyses also confirmed that the number of metastases is an important negative predictor for all analyzed survival intervals.

Discussion
==========

In this retrospective study, we investigated associations between Akt expression, activation and compartmentalization and the efficacy of anti-HER2 targeted therapy on a model of metastatic HER2-positive breast cancer patients treated with monoclonal antibody against HER2 receptor, trastuzumab. In this molecular subtype of breast cancers, PI3K/Akt pathway seems to have the highest impact on oncogenic potential of HER2 and the development of resistance to anti-HER2 targeted therapy ([@b8-ijo-41-04-1204]--[@b10-ijo-41-04-1204]).

We confirmed that Akt1 and Akt2 are widely expressed in HER2-positive breast tumours and, simultaneously, tumours contain their activated form. Surprisingly, pAkt did not cross into the nucleus and was found in the cytoplasm only in \>20% of tumours (29.7% for pAkt Thr308 and 21.6% for pAkt Ser473). The reasons for this are not known. Nevertheless, biological impact of different compartmentalization of pAkt has been previously shown ([@b29-ijo-41-04-1204]--[@b34-ijo-41-04-1204]). We found that patients with HER2-positive breast cancer treated with anti-HER2 targeted therapy with trastuzumab, whose tumours strongly expressed Akt2, had significantly longer overall survival from targeted treatment initiation (OSt). Furthermore, we found that this anti-HER2 targeted treatment-associated positive effect was even more powerful in patients whose tumours also had strong expression of Akt2 as well as cytoplasmic and nuclear localization of pAkt (pAkt Thr308 and/or pAkt Ser473). These patients had prolonged time to progression, overall survival and more likely achieved clinical benefit (complete or partial remission or disease stabilization). Multivariate analysis confirmed that strong Akt2 expression and pAkt Thr308 (n+c) is a positive and independent predictor of TTP and OSt.

Positive predictive value of Akt2 expression for the outcome of targeted antitumour therapy has been previously described. On a sample of 402 ER-α positive breast cancer patients, Kirkergaard *et al* showed significantly longer survival in a group with tumours presenting strong cytoplasmic expression of Akt2 (HR 1.8, CI 95% 1.14--2.97, P=0.0115) ([@b23-ijo-41-04-1204]). There are two features common to our and Kirgergaard *et al* patient samples. First, all patients were treated with targeted therapy, i.e., a therapy that affects Akt signalling pathway ([@b35-ijo-41-04-1204]). We used anti-HER2 therapy with trastuzumab, Kirgergaard *et al* used anti-ER endocrine therapy with tamoxifen. Second, Akt expression was determined on primary, i.e., treatment naïve tumours. Therefore, we may hypothesize that the reduction of Akt signalling pathway activity by targeted treatment may be associated with better treatment outcome. Similarly to our results, Kirgergaard *et al* did not confirm an association between Akt1 and survival parameters. This may be due to different biological effects of Akt1 and Akt2 in HER2-positive breast cancer ([@b19-ijo-41-04-1204],[@b20-ijo-41-04-1204],[@b36-ijo-41-04-1204],[@b37-ijo-41-04-1204]).

For many years, the oncogenic potential of Akt was considered to originate from its cytoplasmic localization, possibly through regulation of apoptosis, proliferation, energy metabolism and motility, by phosphorylating downstream effectors such as Bad, RAF, CREB, NF-κB, caspases, GSK-3 α/β, mTOR, p21^WAF1^ and others ([@b11-ijo-41-04-1204],[@b38-ijo-41-04-1204]). However, several studies have identified a pool of activated Akt inside the nucleus (nuclear pAkt). The presence of pAkt in the nucleus mostly results from translocation of pAkt from the cytoplasm ([@b39-ijo-41-04-1204]), although phosphorylation of Akt directly in the nucleus has also been shown, achieved through activated PDK1 that also has the capacity to pass into the nucleus ([@b40-ijo-41-04-1204]). Nuclear Akt has an impact on different biological functions. It has been shown that nuclear Akt regulates cell cycle and apoptosis through phosphorylation of the Forkhead transcription factor ([@b29-ijo-41-04-1204]), GSK-3 ([@b30-ijo-41-04-1204]) and Ebp1 ([@b31-ijo-41-04-1204]). Moreover, nuclear pAkt phosphorylates both cyclin-dependent kinase inhibitors p21^WAF1^ and p27^KIP1^, resulting in their expulsion from the nucleus and subsequent cytoplasmic degradation, thus preventing cell cycle arrest ([@b32-ijo-41-04-1204]--[@b34-ijo-41-04-1204]).

The research studies discussed below provide explanations for the observed impact of pAkt compartmentalization (through direct effect on PI3K/Akt signalling pathway mediated, in our case, by HER2 receptor) on treatment outcome.

Yoo *et al* showed that stimulation of HER3 receptor with its natural ligand heregulin leads to activation and dissociation of Ebp1, a ubiquitously expressed protein, from HER3 and its translocation from the cytoplasm into the nucleus ([@b41-ijo-41-04-1204]). Ahn *et al* confirmed that phosphorylated Ebp1 binds to phosphorylated nuclear Akt and the resulting complex interacts with CAD and inhibits its DNA fragmentation activity; this leads to suppression of apoptosis in the final stage. Moreover, Ebp1 also suppresses caspase-3 substrate ICAD apoptotic degradation ([@b31-ijo-41-04-1204]). These findings suggest that Ebp1 is involved in inhibiting apoptosis on multiple levels. HER3 receptor is then the most frequent heterodimerization partner for HER2 receptor in HER2-positive breast cancer and this dimerization pair forms the most active kinase domain and the strongest PI3K/Akt signalling pathway stimulator ([@b9-ijo-41-04-1204]). Trastuzumab blocks this stimulation. Boehme *et al* showed, that downregulation of Akt2, but not Akt1, by siRNA prevented phosphorylation of GSK-3 and strongly reduced the accumulation of p53 after ionizing irradiation (IR). IR activated predominantly nuclear Akt in a DNA-PK-dependent manner. Nuclear pAkt phosphorylates and thus inactivates GSK-3 very efficiently. Subsequently to inactivation of GSK-3, MDM2 was hypophosphorylated and it was incapable of mediating p53 degradation. In consequence, p53 was accumulated in the nucleus and ready to exert its biological function ([@b30-ijo-41-04-1204]).

Our results and the studies discussed above allow us to hypothesise why patients with HER2-positive breast cancers treated with targeted anti-HER2 therapy achieve better treatment results if their primary tumours have high Akt2 expression and, simultaneously, nuclear pAkt. Constitutive activation of HER2 prior to targeted treatment initiation leads to increased activation of Akt and, through its dimerization partners, HER3 and HER4, also to activation of Ebp1. Activated Akt2 exerts its antiapoptotic and proliferative effects in the cytoplasm. In addition, both phosphorylated molecules, pAkt a pEbp1, cross into the nucleus where they further potentiate these effects. Nuclear pAkt also facilitates stabilization of p53 and its accumulation in the nucleus. Inhibition of PI3K/Akt signalling pathway, with targeted anti-HER2 receptor anticancer treatment in our case, reduces antiapoptotic and proproliferative activity of Akt kinase. On the other hand, in the nuclei of cells with accumulated pAkt and protein p53 leads to cell cycle arrest and subsequent apoptosis. Moreover, lack of pAkt in the nucleus leads to nucleic accumulation of cyclin-dependent kinase inhibitors p21^WAF1^ and p27^KIP1^, resulting in cell cycle arrest ([@b32-ijo-41-04-1204]--[@b34-ijo-41-04-1204]). This hypothesis is supported by the fact that our observations were valid for the survival intervals associated with trastuzumab anti-HER2 therapy (TTP, OSt and OSm) only, not the disease-free survival (DFS). In patients with HER2-positive cancer, DFS depends on adjuvant treatment that, in our sample, did not contain trastuzumab. We found only one study that correlated specifically to nuclear location of Akt with clinical outcome and involved ER-positive breast tumours. Badve *et al* showed that in ER-positive tumours treated with targeted hormonal therapy (circumstances analogous to our study), nuclear location of pAkt was associated with better prognosis ([@b26-ijo-41-04-1204]).

To provide the full picture in this discussion, it should be mentioned that several studies described reverse relationship between Akt and response to different therapy modalities and clinical outcome in breast cancer patients. Activation of Akt was associated with shortened disease-free survival ([@b16-ijo-41-04-1204],[@b17-ijo-41-04-1204],[@b21-ijo-41-04-1204],[@b23-ijo-41-04-1204],[@b24-ijo-41-04-1204],[@b28-ijo-41-04-1204]) or overall survival in breast cancer ([@b22-ijo-41-04-1204]). However, cell compartmentalization of pAkt was either not reflected at all in these studies or evidence of pAkt in the cytoplasm was considered as a positive result. In addition, these studies analysed the relationship between Akt and DFS and, with respect to these particular findings, our results do not contravene those of other authors; we did not confirm positive predictive value of strong total Akt2 expression and concurrent pAkt (n+c) on DFS.

No study has been published so far evaluating a relationship between total Akt expression and concurrent subcellular localization of pAkt in primary tumours and the outcome of anti-HER2 targeted therapy. Considering certain inconsistencies in studies on the significance of Akt as well as potential limitations of our study (relatively small numbers of patients, different chemotherapy regimens administered with trastuzumab, different order in which trastuzumab is added to treatment) we suggest that further studies evaluating relationships between Akt, its expression and compartmentalization and the outcome of anticancer treatment affecting the Akt signalling pathway, including *in vitro* studies on cell lines, are conducted before firm conclusions can be made.

In conclusion, even though important advances have been made in the treatment of HER2-positive breast cancer, there is an important group of patients that does not benefit from anti-HER2 targeted therapy as expected. We focused on PI3K/Akt pathway that appears to have the most pronounced impact on oncogenic potential of HER2 and development of resistance to anti-HER2 targeted therapy. We are the first to show the significance of Akt kinase isoform, activity and compartmentalization for prediction of response to trastuzumab-based anti HER2 targeted therapy in patients with HER2-positive metastatic breast cancer; we found that strong Akt2 expression and concurrent presence of activated pAkt in the cytoplasm and nucleus was linked to better outcome. From the confirmed differences in biological function of the various Akt kinase isoforms and the importance of nuclear presence of activated pAkt, we hypothesised why these patients in particular benefited from anticancer treatment that targets the Akt signalling pathway.

This study was supported by the IGA MZ CR, project no. NR/8335-3, and the Czech Ministry of Health, project no. MZ0MOU2005 and by Biomedreg CZ.1.05/2.1.00/01.0030.

![Examples of IHC assessment of Akt expression and compartmentalization.](IJO-41-04-1204-g00){#f1-ijo-41-04-1204}

![Kaplan-Meier plots of time to progression for Akt2 expression rate and concurrent compartmentalization of activated pAkt Thr308.](IJO-41-04-1204-g01){#f2-ijo-41-04-1204}

![Kaplan-Meier plots of time to progression for the Akt2 expression rate and concurrent compartmentalization of both activated pAkt Thr308 and pAkt Ser473.](IJO-41-04-1204-g02){#f3-ijo-41-04-1204}

![Correlation between clinical benefit and Akt kinase expression.](IJO-41-04-1204-g03){#f4-ijo-41-04-1204}

![Kaplan-Meier plots of OSt (overall survival from the trastuzumab therapy initiation) for Akt2 expression and concurrent compartmentalization of pAkt Thr308.](IJO-41-04-1204-g04){#f5-ijo-41-04-1204}

###### 

Patient and tumour characteristics.

  Characteristic                                  Patients no.   \%
  ----------------------------------------------- -------------- ------
  Age (years): median 54 (range 32--74)                          
    \<60                                          57             77.0
    ≥60                                           17             23.0
  Performance status                                             
    0                                             25             33.7
    1                                             39             52.7
    2                                             5              6.8
    NA                                            5              6.8
  Histology                                                      
    Ductal                                        59             79.7
    Lobular                                       7              9.5
    Mixed                                         2              2.7
    Other                                         6              8.1
  Tumour grade                                                   
    G1                                            1              1.3
    G2                                            13             17.6
    G3                                            44             59.5
    UN                                            16             21.6
  ER status                                                      
    Positive                                      32             43.2
    Negative                                      40             54.1
    NA                                            2              2.7
  PgR status                                                     
    Positive                                      20             27.0
    Negative                                      49             66.2
    NA                                            5              6.8
  Position of trastuzumab in palliative therapy                  
    1. line                                       44             59.5
    2. line                                       23             31.1
    ≥3. line                                      7              9.4
  Combination of trastuzumab with cytostatics                    
    Paclitaxel                                    39             52.7
    Docetaxel                                     18             24.3
    Vinorelbine                                   8              10.8
    CBDCA + paclitaxel                            6              8.1
    No cytostatics (trastuzumab monotherapy)      3              4.1
  Best response to therapy                                       
    CR                                            9              12.2
    PR                                            33             44.6
    SD                                            19             25.6
    PD                                            8              10.8
    NA                                            5              6.8

CBDCA, carboplatin; CR, complete remission; ER, estrogen receptor; NA, not assessed; no., number; PD, progressive disease; PgR, progesterone receptor; PR, partial remission; SD, stable disease;. UN, unascertained (including a group of tumours where grading was G2--3). All tumours were IHC 3+ or/and FISH-positive.

###### 

Akt isoforms expression and compartmentalization in a group of patients with HER2-positive metastatic breast cancer.

  Akt isoform               IHC staining   No. of patients   \%
  ------------------------- -------------- ----------------- ------
  Akt1                      Negative       17                23.0
  Weak                      46             62.1              
  Strong                    9              12.2              
  NA                        2              2.7               
  Akt2                      Negative       0                 
  Weak                      45             60.8              
  Strong                    26             35.1              
  NA                        3              4.1               
  pAkt Thr308               Negative       10                13.5
  Cytoplasmic only          22             29.7              
  Nuclear and cytoplasmic   38             51.4              
  NA                        4              5.4               
  pAkt Ser473               Negative       5                 6.8
  Cytoplasmic only          16             21.6              
  Nuclear and cytoplasmic   49             66.2              
  NA                        4              5.4               

NA, not assessed; no., number.

###### 

Relationship between studied clinical and molecular factors and survival intervals.

                                    TTP                                                         OSt                OSm                                                                                                                                        
  --------------------------------- ----------------------------------------------------------- ------------------ ----------------------------------------------------------- ------------------ ----------------------------------------------------------- ------------------
  Akt1                              0.263                                                       0.411--1.272       0.131                                                       0.334--1.150       0.408                                                       0.417--1.425
  Akt2                              0.136                                                       0.406--1.128       **0.033**                                                   0.288--0.946       **0.044**                                                   0.292--0.980
  pAkt Thr308                       0.391                                                       0.797--1.222       0.223                                                       0.541--1.152       0.179                                                       0.536--1.122
  pAkt Ser473                       0.229                                                       0.488--1.186       0.162                                                       0.459--1.137       0.155                                                       0.464--1.127
  Strong Akt2 + pAkt Thr308-n+c     **0.027[^b^](#tfn5-ijo-41-04-1204){ref-type="table-fn"}**   0.276--0.921       **0.002[^b^](#tfn5-ijo-41-04-1204){ref-type="table-fn"}**   0.131--0.620       **0.008**                                                   0.179--0.772
  Strong Akt2 + pAkt Ser473-n+c     0.088                                                       0.350--1.072       **0.011**                                                   0.205--0.808       **0.011**                                                   0.196--0.803
  ER                                0.637                                                       0.685--1.858       0.121                                                       0.365--1.122       **0.014[^b^](#tfn5-ijo-41-04-1204){ref-type="table-fn"}**   0.270--0.861
  PgR                               0.308                                                       0.769--2.308       0.301                                                       0.757--2.477       0.387                                                       0.718--2.364
  Age (\<60 vs. ≥60 years)          0.162                                                       0.359--1.184       **0.026**                                                   0.197--0.899       0.056                                                       0.324--1.011
  Position of trastuzumab therapy   0.194                                                       0.860--1.840       0.385                                                       0.793--1.832       0.293                                                       0.553--1.194
  Number of metastatic sites        **0.004[^b^](#tfn5-ijo-41-04-1204){ref-type="table-fn"}**   **1.114--1.751**   **0.002[^b^](#tfn5-ijo-41-04-1204){ref-type="table-fn"}**   **1.164--1.947**   **0.014[^b^](#tfn5-ijo-41-04-1204){ref-type="table-fn"}**   **1.070--1.797**

HR-95% CI, 95% confidence interval for the hazard ratio; ER, estrogen receptor; PgR, progesterone receptor; OSt, overall survival as a time from the initiation of trastuzumab based treatment to death from any cause; OSm, overall survival as a time from diagnosis of metastatic disease to death from any cause; TTP, time from the initiation of trastuzumab based treatment to the disease progression.

Results of the univariate Cox regression analysis;

multivariate Cox regression analysis confirmed independence of this predictive factor (P\<0.05).

[^1]: Contributed equally
